It has been posited that the role of prosody in lexical segmentation is elevated when the speech signal is degraded or unreliable. Using predictions from Cutler and Norris' ͓J. Exp. Psychol. Hum. Percept. Perform. 14, 113-121 ͑1988͔͒ metrical segmentation strategy hypothesis as a framework, this investigation examined how individual suprasegmental and segmental cues to syllabic stress contribute differentially to the recognition of strong and weak syllables for the purpose of lexical segmentation. Syllabic contrastivity was reduced in resynthesized phrases by systematically ͑i͒ flattening the fundamental frequency ͑F0͒ contours, ͑ii͒ equalizing vowel durations, ͑iii͒ weakening strong vowels, ͑iv͒ combining the two suprasegmental cues, i.e., F0 and duration, and ͑v͒ combining the manipulation of all cues. Results indicated that, despite similar decrements in overall intelligibility, F0 flattening and the weakening of strong vowels had a greater impact on lexical segmentation than did equalizing vowel duration. Both combined-cue conditions resulted in greater decrements in intelligibility, but with no additional negative impact on lexical segmentation. The results support the notion of F0 variation and vowel quality as primary conduits for stress-based segmentation and suggest that the effectiveness of stress-based segmentation with degraded speech must be investigated relative to the suprasegmental and segmental impoverishments occasioned by each particular degradation.
I. INTRODUCTION
There exists no known set of acoustic cues that reliably and consistently mark word boundaries in connected speech ͑Lehiste, 1972; Nakatani and Shaffer, 1978͒. Nonetheless, the task of lexical segmentation is executed with relative ease and nearly flawlessly in the vast majority of communicative environments. It has been hypothesized that at least a portion of our success in lexical segmentation can be attributed to our knowledge about the prosodic structure of our language. Cutler and her colleagues proposed the metrical segmentation strategy ͑MSS͒, in which listeners capitalize on the rhythmic structures and statistical probabilities of a language to identify the location of word boundaries ͑Cutler and Norris, 1988͒. For example, in English, listeners should be successful in their lexical segmentation if they attend to strong syllables as potential word onsets because of the high occurrence of strong syllables word-initially in the English language ͑Cutler and Carter, 1987͒. This hypothesis is supported by data on naturally occurring and experimentally induced slips of the ear ͑Cutler and Butterfield, 1992; Smith et al., 1989͒ , in which listeners are more likely to mistakenly insert a lexical boundary before a strong syllable than a weak one ͑e.g., the misperception "I'll play" for the target "apply"͒, and mistakenly delete a lexical boundary more often before a weak syllable than before a strong one ͑e.g., the misperception "caller" for the target "call a"͒.
Although the MSS hypothesis and subsequent implementations of the principle ͑e.g., McQueen et al., 1994; Norris et al., 1995͒ do not suggest that syllabic strength is the only source of information for lexical segmentation, there is converging evidence that listeners do indeed attend to prosodic variation in their segmentation of the connected speech stream when other sources of information are degraded or unreliable ͑Cutler and Butterfield, 1992; Smith et al., 1989; Mattys, 2004; Mattys et al., 2005; Norris et al., 1997͒ . Further, the work of Liss and colleagues ͑dysarthric speech͒ and Mattys and colleagues ͑manipulated speech͒ suggests that some forms of speech degradation have a more deleterious effect on the application of the MSS than others ͑Liss et , 2002 Mattys et al., 2005͒. This begs the question, then, whether certain aspects of prosodic information that contribute to syllabic strength contrasts have a greater effect on lexical segmentation than others. The need to tease apart the respective weights of segmentation cues has already been highlighted across the prosodic, segmental, and acoustic domains. Indeed, McQueen and Cutler ͑2001͒ wrote, "There is ͓...͔ now a relatively long list of cues which listeners appear to use for segmentation and which vary among languages, including phonotactics, allophonics, and other acoustic-phonetic cues, silence, and metrical cues based on the language's rhythmic structure. An important issue which remains to be addressed is the relative ranking of these cues: do some cues carry more weight in segmentation than others?" ͑p. 481͒. Empirical efforts in that direction were made by Mattys et al. ͑2005͒ , who found that listeners do not treat all segmentation cues equally. Pitting cues against each other, they showed that lexical and contextual sources of information override sublexical cues in case of conflict and that, among sublexical cues, segmental and acoustic regularities such as phonotactics and coarticulation override stress cues. Stress, however, had a substantial contribution to segmentation when the signal was presented in white noise or deprived of lexical and segmental cues ͑see also Mattys, 2004͒ . These results and those by Liss et al. ͑1998, 2000͒ converge in showing the importance of stress-based segmentation when the signal is acoustically/phonetically degraded, be this degradation artificially induced or naturally occurring.
Because the perception of stress in English has been shown to be determined mainly by fundamental frequency and syllable duration contrasts ͑Fry, 1955; Lehiste, 1970; Lieberman, 1960; Mattys, 2000͒ , a question is whether these dimensions are equally important for segmentation. To date, this question has not been addressed directly, and we are only offered a few conflicting leads from studies that have manipulated acoustic parameters to assess their impact on the more general issues of speech intelligibility and perception. Some of these variables include fundamental frequency contour ͑Laures and Weismer, 1999; Mens and Povel, 1986͒, segment duration ͑Hammen et al., 1994; Hertrich and Ackermann, 1998; Mens and Povel, 1986͒, and vowel quality ͑Bond, 1981; Fear et al., 1995; Quené and Koster, 1998͒. When it comes to speech segmentation, the available information is sparse. In general, the presence of multiple stress parameters is shown to be more effective for segmentation than that of isolated ones ͑Streeter, 1978͒, at least for adult listeners ͑Thiessen and Saffran, 2003 . However, the segmentation of Finnish and Dutch, both languages with word-initial stress predominance, can be facilitated by solely raising F0 in word-initial positions ͑Vroomen et al., 1998͒. On the other hand, in English, lengthening the final, but not the initial syllable of synthesized trisyllabic words assists listeners in segmenting new words from an artificial language ͑Saffran et al., 1996͒. While the absence of segmentation benefits from initial lengthening might indicate that duration is not a strong cue for word onsets, the effect of final lengthening could possibly reflect a general phenomenon across languages rather than a language-specific feature ͑Hoequist, 1983a, b͒. Finally, it should be noted that Cutler ͑1986͒ emphasized the role of segmental in addition to suprasegmental information for stress-based segmentation. In Cutler's account, stress contrastivity is inferable not only by suprasegmental cues such as F0 and duration but also-and perhaps mostly-by the fact that strong syllables typically bear a full vowel whereas weak syllables are often reduced. Accordingly, stress-based segmentation would be more a matter of vowel quality than one of suprasegmental information, with lexical access initiated on syllables containing a subset of vowels ͑e.g., /Ä, u/͒ and refrained on syllables containing another ͑e.g., /(/͒.
The aim of the present investigation was to examine a set of cues that may contribute differentially to the perception of strong and weak syllables for the purpose of lexical segmentation in impoverished speech. In this study, we reduced syllabic contrastivity by systematically altering suprasegmental cues ͑i.e., flattening the fundamental frequency and/or equalizing vowel durations͒ and the segmental cue of vowel identity ͑i.e., changing all vowels into near-schwas͒ using speech resynthesis. Using the phrase-transcription task of Liss et al. ͑1998, 2000͒ , our primary question was whether the manipulations produced independent effects on lexical boundary error patterns. Predictions from the MSS hypothesis were used as a framework for interpretation of the results. Those manipulations that elicited error patterns consistent with MSS would be regarded as less detrimental to the application of the stress-based segmentation strategy, whereas those that elicited mis-segmentation patterns closer to chance would be regarded as more detrimental to identifying syllabic strength and therefore to the application of stress-based segmentation.
II. METHODS

A. Phrases
Development of the phrases used in this investigation has been described in detail elsewhere ͑Liss et al., 1998͒. Briefly, the stimuli consisted of 40 six-syllable phrases, which alternated in syllabic strength. Half of the phrases contained a strong-weak ͑SWSWSW͒ pattern and the other half a weak-strong ͑WSWSWS͒ pattern. Strong syllables received prosodic emphasis and contained full vowels ͑which were longer in duration and higher in F0 variation, relative to weak syllables͒. Weak syllables did not receive prosodic emphasis and contained a reduced vowel or a schwa. The phrases consisted of a series of one-and two-syllable words, with low semantic transitional probability. A list of the phrases is provided in Appendix A.
B. Initial speech samples
A 31-year-old male with a standard American dialect produced the speech samples for this study. The speech samples were collected in a sound-treated room, recorded directly onto a PC using an Audio Technica ATM31 microphone and Kay Elemetrics CSL ͑ASL, KayPentax, 1999, 2004͒ for the highest fidelity recording possible ͑22050 kHz; 16 bit͒. The speaker read the phrases in a normal, conversational manner approximately three times each. A single rendition of each phrase was chosen which contained no pauses or misarticulations.
C. Resynthesis
Phrase resynthesis was conducted with Analysis Synthesis Lab ͑ASL, KayPentax, 1999͒. Six resynthesis conditions were created for the present investigation. In addition to a baseline resynthesis condition in which no additional ma-nipulations were made ͑Control͒, five conditions manipulated either suprasegmental or segmental cues, or a combination thereof. These included: ͑i͒ A flattened fundamental frequency condition ͑F0͒; ͑ii͒ a condition in which the vowels were lengthened to the duration of the longest strong vowel in the phrase ͑Duration͒; ͑iii͒ a combination of the F0 and Duration conditions ͑Suprasegmental Combined͒; ͑iv͒ a weakened vowel condition in which the first and second formants of all vowels in the phrase were replaced with schwa vowel values ͑Vowel͒; and ͑v͒ a condition including all single cue manipulations ͑Total Combined͒. Phrases in all conditions were subjected to a custom rms intensity equalization procedure in MATLAB prior to their use in the listening experiment ͑Louizou, 1999, 2006͒. Each condition is detailed in the following.
Resynthesized condition "Control…
The ASL ͑1999, 2004͒ software performs speech resynthesis using LPC-extracted parameters. These analysis/ synthesis routines were implemented using pitchsynchronous, residual-driven LPC for the highest quality synthesis possible. Because the quality of the resynthesis is increased greatly by downsampling the speech files prior to manipulation, all phrases were downsampled to 10 kHz. We used resynthesized phrases rather than the original phrases as a control for the quality of the resynthesis procedure. Acoustically, these phrases were highly similar to the originals; untrained listeners were unable to distinguish them from the original phrases. All manipulations for the single and combined cue conditions were conducted on this set of resynthesized phrases.
Fundamental frequency flattened condition "F0…
The mean F0 ͑Hz͒ of each phrase was measured in CSL by standard procedures, in which the F0 was calculated by the pitch contour function in CSL. The F0 contour was then flattened to this mean value using the numerical editor function in ASL. It was determined that this method yielded a more natural-sounding result than setting the F0 contours to a single value for all phrases. A similar procedure was employed in the Laures and Weismer ͑1999͒ study to flatten the F0 contours of their phrases. The perceptual effect of this manipulation was to lend a monotone, robotic quality to an otherwise intelligible phrase. This manipulation is illustrated in Fig. 1 , where both the original and the flattened F0 contours are overlaid on the spectrogram of the phrase "simple for the congress."
Equalized vowel duration condition "Duration…
Although there are a variety of procedures for achieving equalized vowel durations across syllables, we elected to lengthen all vowels within a phrase to match the longest strong vowel duration in that phrase. Vowel durations were lengthened using an ASL algorithm that duplicates the signal within a 10-ms frame of the vowel. A single frame was chosen at each vowel temporal midpoint. This frame was then duplicated to achieve the desired duration for that vowel. The longest vowel duration in each phrase was chosen as the standard, and the remaining vowels were lengthened to equal this target duration. The phrases were necessarily lengthened as a result of this manipulation ͑see Appendix B͒. This procedure was preferred over one that would have preserved total phrase duration because segment shortening would have likely resulted in a greater loss of segmental identity than segment lengthening. Perceptually, the phrases had an equaland-even rhythmic quality. The effect of this manipulation is illustrated in Fig. 2 .
Suprasegmental combined condition
"Suprasegmental Combined…
This condition was created to assess the combined effect of the suprasegmental manipulations ͑F0 and Duration͒ on lexical segmentation. The phrases were manipulated in the manners described earlier: The F0 contour was set to the mean value for each phrase and the vowels were set to the longest vowel duration in each phrase.
Weakened vowel condition "Vowel…
The purpose of this condition was to reduce the possible contribution of vowel quality to perceived syllabic strength ͑Cutler, 1986; Fear et al., 1995͒ . To do so, we replaced the first two formant values of all vowels with those of a schwa. Only the first two formants were manipulated since that portion of the spectral information has been reported to contain the majority of the vowel-differentiating information ͑Hillen-brand et Kewley-Port and Zheng, 1999; Neary, 1989͒ . Furthermore, the resynthesis algorithms are more reliable for the lower frequencies due to the interaction of filter order and sampling frequency with the LPC analysis.
Using ASL, the formant values of each vowel were changed to the following: F1 = 623 Hz and F2 = −1200 Hz ͑Hillenbrand et al., 1995͒. These values were included in the range of the study speaker's own first and second formant values for schwa vowel productions. Vowel duration was not affected by this manipulation. When the F2 of the original strong vowel was particularly high ͑as it was for 10 /i/ vowels, out of 240 total vowels͒, the slope of the vowel transitions was modified using an automatic smoothing algorithm to avoid abrupt changes in formant values from the original to the resynthesized samples. Thus, the entire extent of the first two formants for each vowel was manipulated to approximate a centralized vowel. Because the higher formant frequencies remained unchanged, not all information related to vowel identity was eliminated. Perhaps for this reason, vowel identity was not completely indiscernible, and the perceptual experience was one of accented or unusual speech. The spectrogram for a phrase in this manipulation condition is shown in Fig. 3 .
Total combined condition "Total Combined…
All single cue manipulations ͑F0, Duration, and Vowel͒ were conducted on the resynthesized phrases to assess the reduction of suprasegmental and segmental cues on lexical segmentation. A subset of the phrases in the above-described manipulation conditions can be heard on our website ͑see Spitzer, 2007͒.
D. Preliminary verification of resynthesized phrases
The success of the phrase-transcription paradigm requires the elicitation of an interpretable number of lexical boundary errors ͑LBEs͒, as has been demonstrated previously by studies of faint speech, speech in noise, and impaired speech ͑Cutler and Butterfield, 1990 Butterfield, , 1992 Liss et al., 1998 Liss et al., , 2000 Liss et al., , 2002 Smith et al., 1989͒ . To achieve this goal across all our conditions, it was necessary to reduce the overall intelligibility of the phrases. This was accomplished by merging each phrase with broadband noise ͑1 -5000 Hz, FIG. 2 . ͑Color online͒ In the Duration condition, the phrase "simple for the congress" was manipulated to equalize duration of the six vowels. Five vowels were lengthened to equal the longest vowel in the phrase ͑the last strong vowel in this example͒.
FIG. 3. ͑Color online͒ In the Vowel condition, the phrase "simple for the congress" was manipulated to shift the F1 and F2 values of all vowels to 623 and 1200 Hz, respectively, for the total duration of each of the 6 vowels. The vowel durations were untouched in this manipulation.
5-ms transition͒ for a signal-to-noise ratio ͑SNR͒ of +18 dB. This SNR was selected because, in preliminary testing, it resulted in intelligibility decrements of the order necessary to elicit an interpretable number of LBEs for the cuemanipulated conditions.
E. Listeners, materials, and listening task
Participants were 90 undergraduate and graduate students enrolled in classes at Arizona State University. All were native English speakers between the ages of 18 and 46 ͑mean age= 23.88, s.d.= 6.34͒ who self-reported normal hearing and no disease or conditions known to affect speech or language processing. The group contained 77 females and 13 males. Listeners were compensated for their participation.
The materials consisted of 40 phrases ϫ 6 conditions ͑240 phrases in total͒. Excluding the phrases in the Suprasegmental Combined condition, the phrases in the 5 other conditions were organized in 5 lists. Each list included 8 different, randomly selected phrases from each of the 5 conditions. Within each list, conditions were arranged in blocks ͑i.e., the 8 phrases per condition were presented in sequence͒. The order of conditions was counterbalanced across the 5 lists. Phrases were preceded by a nonresynthesized female voice saying the item phrase number, and followed by a 15-s ISI for phrase transcription. Because new software became available during the course of this study, transcription data for the Suprasegmental Combined condition were collected using ALVIN ͑Hillenbrand, 2005͒, a stimuluspresentation software package designed for speech perception experiments. Phrases were randomly presented in an open transcription task with no feedback or replay capabilities.
The first 75 listeners were randomly assigned to 1 of the 5 lists. The next 15 listeners transcribed phrases in the Suprasegmental Combined condition. Thus, the full data set consisted of 15 complete transcriptions of the 40 phrases from each of the 6 conditions. All listeners performed the task wearing Sennheiser HD 25 SP headphones in a quiet room free of visual and auditory distractions. At the beginning of the experiment, the signal volume was set to a comfortable listening level by each listener, and remained at that level for the duration of the task. After instructions to write down exactly what they heard, listeners were presented with 3 practice phrases, not in noise. These practice phrases were not resynthesized and did not contain any of the same words found in the 40 experimental phrases. Listeners who were not able to transcribe the practice phrases with 92% accuracy were excluded from the study ͑i.e., listeners were allowed a single word error for all three phrases͒. No listeners in this study were removed for violating this or any other criterion.
Following the practice phrases, listeners heard each experimental phrase only once, and immediately transcribed what they had heard. The listeners were told they would hear a male speaker produce a series of phrases played in a background of noise, and that all the words in the phrases were real English words. They were encouraged to guess on a word if they were not entirely sure about what they heard. They were not given any feedback about their performance during the course of the experiment.
III. TRANSCRIPT ANALYSIS
The transcripts were coded independently by two trained judges for the number of words correctly transcribed as well as the presence, type ͑insertion or deletion͒, and location ͑before strong or before weak syllables͒ of lexical boundary errors ͑LBEs͒. In addition, transcription errors that did not violate lexical boundaries were tallied ͑Word Substitutions͒ as well as instances in which no attempt was made at transcription of a phrase ͑No Response͒. It should be noted that word substitutions and LBEs are mutually exclusive. Word substitution errors occur when the transcription is correctly parsed ͑thus no lexical boundary error͒ but the response is not the target word. For example, a listener's response of "advice" for the target "convince" is a word substitution, whereas the response "the fence" is an insertion of boundary before a strong syllable. Inter-rater reliability was 0.9875 prior to consensus, and 1.000 after consensus since any items not in agreement were excluded from the analysis. Criteria for scoring words correct were identical to those in Liss et al. ͑1998͒, and included tolerance of word-final morphemic alterations which did not affect the number of syllables ͑i.e., "boats" for "boat," but not "judges" for "judge"͒, as well as substitutions of function words "a" and "the." Examples of listener transcripts and coding of LBEs are shown in Table I ; these errors were made in response to the same phrase across the 6 different conditions.
The main dependent variables, tallied for each listener and phrase across conditions, were: ͑1͒ The number of words correctly transcribed out of the total number of words possible ͑intelligibility score͒ and ͑2͒ the number, type ͑insertion versus deletion͒, and location ͑before strong versus before weak syllables͒ of LBEs. Accordingly, LBEs fell in four categories: Insertion of a word boundary before a strong syllable ͑IS͒, insertion of a word boundary before a weak syllable ͑IW͒, deletion of a word boundary before a strong syllable ͑DS͒, and deletion of a word boundary before a weak syllable ͑DW͒. Finally, we calculated ͑3͒ a MSS ratio, defined as the number of MSS-consistent LBEs, namely, insertions of word boundaries before strong syllables and deletions of word boundaries before weak syllables, divided by the total number of LBEs ͑IS+ DW/ total LBEs͒ for each set of 15 transcriptions of the 40 phrases per condition. A MSS ratio greater than 0.50 was taken as evidence of stress-based segmentation. 
IV. RESULTS
A. Intelligibility
Because phrases from the Control, F0, Duration, Vowel, and Total Combined conditions were distributed across 5 test lists, it was first necessary to verify that differences in intelligibility scores were not simply the effect of listener group ͑group effect͒ or nonrandom distribution of phrases among the sets ͑phrase effect͒. The mean intelligibility for the 8 phrases within each condition ͑across all 5 sets͒ was computed for each listener and entered in a two-way analysis of variance ͑group ϫ phrase͒. This analysis revealed no significant effect of either group F͑4,20͒ Ͻ 1 or phrase F͑4,20͒ Ͻ 1. These results suggest that there was no significant difference in the intelligibility of the phrases within each subset of 8 phrases, thus allowing a comparison of the intelligibility scores across the 5 experimental conditions without further consideration for subset assignment. In the remainder of the analysis, the data sets consisted of the 15 transcriptions for each of the 6 conditions ͑15 transcriptions ϫ40 phrases = 600 phrase transcriptions per condition͒. Table II shows the mean intelligibility values and standard deviations for each of the six test conditions. A one-way analysis of variance, F͑5,84͒ = 493.65, p Ͻ 0.001, revealed significant intelligibility differences in all pairwise comparisons ͑p ഛ 0.005͒, except for Duration vs. Vowel, where p = 0.33 ͑Fisher's least significant difference, LSD, correction was used in all pairwise comparisons͒. In descriptive terms, the Control condition, in which noise was added to otherwise unmanipulated resynthesized phrases, suffered only a small reduction in intelligibility ͑93% correct word identification͒, due most likely to the unusual meaning of the phrases rather than to any signal degradation. The three single-cue conditions, Duration, F0, and Vowel, caused a substantial intelligibility decrement compared to the Control condition. As expected, the two combined-cue conditions, Suprasegmental Combined and Total Combined, reduced intelligibility even further, with Total Combined less intelligible than Suprasegmental Combined ͑15% and 28%, respectively͒. Thus, transcription accuracy was markedly impaired by both suprasegmental and segmental alterations and further worsened when alterations were combined.
B. Analysis of lexical boundary errors "LBEs…
The overall performance pattern, together with a breakdown by LBE type and location, are reported in Tables II and  III . Presenting the phrases in noise was expected to elicit an interpretable number of LBEs and this was achieved, with a total of 1821 LBEs across 3600 phrase transcriptions ͑40 phrases ϫ 15 listeners ϫ 6 conditions͒. The Control condition was omitted from all subsequent analyses because, on account of its relatively preserved intelligibility, it elicited too few perceptual errors and even fewer LBEs for missegmentation patterns to be interpretable-less than 3 LBEs, on average, were committed per set of 40 phrases in the Control condition. An analysis of variance performed on the 5 remaining conditions showed marked disparities in the average number of LBEs per condition, F͑4,70͒ = 23.57, p Ͻ 0.001. Except for the F0 versus Vowel comparison, which did not reach significance, p = 0.94, all LSD-corrected pairwise comparisons showed reliable differences ͑p Ͻ 0.01 in all but Vowel versus Duration, F͓1,28͔ = 5.53, p Ͻ 0.05͒. In sum, the occurrence of LBEs varied from one condition to another but, in general, the pattern followed that of intelligibility, with lower intelligibility accompanied by a higher incidence of LBEs. The link between the two variables is expected, as it reflects the greater opportunity for missegmentations caused by a perceptually less intelligible input. Note, too, that there was a preponderance of boundary insertions over deletions for all conditions ͑all pЈs Ͻ 0.005͒, which indicates that listeners tended to extract short words over long ones, perhaps because of the generally higher frequency of the former.
In stark contrast to the LBE frequency data, the patterns of LBEs, that is, the distribution of lexical boundary insertion and deletion errors, either before strong or weak syllables, were not directly predictable from intelligibility. A comparison of MSS ratios across conditions allowed us to evaluate the extent to which the test manipulations affected adherence to stress-based segmentation. As mentioned earlier, the MSS ratio breaks down LBEs into those that are predicted by MSS, i.e., inserting a word boundary before a strong syllable and deleting a word boundary before a weak syllable, and those that are not, i.e., deleting a word boundary before a strong syllable and inserting a word boundary before a weak syllable. Since the MSS ratio is the proportion of LBEs predicted by MSS divided by the total number of LBEs, high values reflect stronger adherence to MSS whereas lower values reflect either weaker adherence to MSS or failure to do so because of a lack of perceived syllabic strength contrast. A first observation is that the MSS ratio was significantly greater than 0.50 in all conditions ͑t͓14͔, with all pЈs Ͻ 0.001͒, suggesting that listeners relied on stress-based segmentation to cope with signal distortion across the board. 1 However, an analysis of variance showed that the strength of adherence to this strategy varied across conditions, F͑4,70͒ = 4.36, p Ͻ 0.005. LSD-corrected pairwise comparisons highlighted a pattern of results quite different from that found for intelligibility and total LBE data. 
V. DISCUSSION
The findings of this investigation provide additional evidence that listeners rely on syllabic stress contrasts to assist in word-boundary identification in degraded speech ͑Liss et al., 1998 ͑Liss et al., , 2000 ͑Liss et al., , 2002 Mattys, 2004; Mattys et al., 2005; Smith et al., 1989͒ . All experimental conditions elicited large numbers of LBEs that generally conformed to predictions generated by the MSS. For all conditions, insertion errors before strong syllables outnumbered by two to five times those before weak syllables. With one exception, lexical boundary deletion errors occurred more often before weak than before strong syllables. Thus, even when attempting to reduce or eliminate the major cues to syllabic stress, 68%-81% of LBEs occurred in the predicted locations, which highlights the robustness of the strategy and its likely reliance on both the present cues and cues not tested in this study.
Despite the overall adherence to the MSS predictions, there were significant differences in LBE patterns across the various cue conditions. Among the single-cue manipulations, those involving the reduction of intonational information ͑F0͒ and vowel identity ͑Vowel͒ were most detrimental to metrical segmentation. Equalizing vowel duration ͑Duration͒ was significantly less so. Thus, listeners' reliance on syllable strength for the purpose of lexical segmentation appears to be contingent on the availability of both suprasegmental ͑F0͒ and segmental ͑Vowel͒ sources of information. It is worth noting that we found no evidence for compensatory mechanisms between the cues. For example, there was no indication that the effect of a lack of intonational cues was compensated for by an adequate durational contrast or full/ reduced vowel contrast. The same goes for a lack of full/ reduced vowel contrast. MSS's resilience to durational alteration suggests that vowel duration contrasts, though critical for disentangling lexically ambiguous junctures in nondegraded speech ͑Shatzman and McQueen, 2006͒, are not a necessary condition for the application of stress-based segmentation, at least in the form of degradation used in this investigation. Finally, the absence of any cumulative effects on the MSS ratio when more than one cue is removed suggests a floor effect when either F0 or vowel-identity cues are reduced.
Although the statistical analyses of the MSS ratios reveal a similar magnitude of effect for the F0 and Vowel manipulations, additional evaluation of the performance patterns in these two conditions suggests the Vowel condition was the more perceptually challenging of the two. Both conditions elicited a nearly identical number of lexical boundary errors ͑239 and 242 for F0 and Vowel, respectively͒; however, the Vowel condition elicited both significantly lower intelligibility scores and a lower MSS ratio. The latter finding is due, in part, to the fact the only nonpredicted LBE pattern in this study was found in the deletion errors in the Vowel condition. Here deletions before strong syllables occurred 1.4 times more often than those before weak syllables. This, along with the relatively lower adherence for the insertion errors compared with the F0 condition, suggests a more substantial challenge in syllable stress assignment in the Vowel than the F0 condition. The additional reduction in intelligibility over the F0 condition can be traced, in part, to the high number of word substitution errors in the Vowel condition, in which lexical boundaries were preserved, but the transcribed words were incorrect. It can be surmised that the loss of vowel identity should have a much greater computational impact than F0 alteration on word identification given the widening of the lexical neighborhood and resulting lexical confusions. In sum, although both vowel identity ͑segmental͒ and F0 contrasts ͑suprasegmental͒ seem critical for an effective use of stress-based segmentation, assessment of overall performance patterns suggests that the MSS might be slightly more segmentally than suprasegmentally guided ͑Cutler, 1986͒, with vowel identity ͑full versus reduced͒ outweighing the main correlates of stress perception ͑F0 and duration͒.
As for the greater disruption caused by the F0 than the duration manipulation, the literature on the acoustic correlates of perceived stress in English ͑e.g., Fry, 1955; Lehiste, 1970; Lieberman, 1960͒ has indeed documented the leading role of F0 in discriminating stressed from unstressed syllables. However, duration, though second to F0, is often described as a substantial correlate of perceived stress as well ͑e.g., Mattys, 2000͒, which seems at odds with the limited impact its disruption had on the use of MSS. An explanation might be sought in the literature on auditory perceptual grouping. Tones alternating in F0 are shown to be perceived as strong-initial groups ͑Handel, 1989; Diehl, 1999͒. Similarly, Vroomen et al. ͑1998͒ reported enhanced word segmentation when the initial syllables of the words of an artificial language were pitch accented. In contrast, duration alternations tend to promote iambic grouping ͑Hay and Diehl, 1999 Diehl, , 2007 Rice, 1992; Woodrow, 1909 ; see also Saffran et al., 1996͒ . Thus, a reduction in durational contrasts can be seen as beneficial for stress-based segmentation, as it allows F0 to operate unimpeded. However, when pitch is neutralized, the remaining duration cues work against the MSS. Therefore, the relative contributions of acoustic cues to the MSS in English seem to be a function of not only the weight of these cues for stress perception per se, but also the grouping patterns promoted by these cues when listeners are confronted with continuous streams.
In this context, the different weights of vocalic, intonational, and durational cues for stress-based segmentation are likely to be language-dependent. Patterns of disruption are expected to depend on at least two factors: ͑1͒ The location and statistical predominance of stress in the words of the language and ͑2͒ the perceptual correlates of stress in that language, including both segmental and suprasegmental cues. For instance, it is likely that F0 disruptions in stressinitial Dutch, Finnish, and Hungarian will cause a reduced usage of the MSS similar to that observed in the present study, since all four languages exhibit a strong association between F0 and stress perception ͑Iivonen et Siptar and Torkenczy, 2000; Vroomen et al., 1998͒ . However, the magnitude of the F0 disruption should be greater in Finnish and Hungarian than in English and Dutch, as the former are fixed-initial-stress languages whereas the latter only show a stress-initial predominance. Furthermore, we predict that the effect of equalizing duration should be even less consequential in Hungarian than in English because duration, in Hungarian, serves to indicate phonemic contrasts rather than stress ͑Siptar and Torkenczy, 2000͒. In contrast, the wordfinal lengthening typically observed in French words ͑Banel and Bacri, 1994; Delattre, 1966͒ should cause the equalization of duration to affect the segmentation of French more than that of English, whereas the flattening of F0 should have a relatively minor impact ͑see Welby, 2007, for a discussion on the optional word-initial F0 rise in French͒. Finally, this same line of logic can be extended to naturally degraded speech, such as that occurring from disease or disorder or as the result of foreign accent or dialect. It would hold that the patterns of degradation or disruption to the segmental and suprasegmental cues to syllable stress would have languagespecific consequences to stress-based segmentation.
VI. CONCLUSION
This study provides additional evidence for listeners' reliance on stress for segmenting words from degraded speech. However, the acoustic cues generally held to support stress perception showed differential effects on the application of stress-based segmentation. Equalizing vowel durations showed less detrimental effects than flattening F0 or reducing vowel identity, which demonstrates the leading role of the latter two for segmentation. Further, the results suggest that the MSS might be slightly more segmentally than suprasegmentally guided ͑Cutler, 1986͒, with vowel identity outweighing F0 and duration in the effective use of stress-based lexical segmentation.
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APPENDIX A: TEST PHRASES "STRONG VOWELS ARE SHOWN IN BOLD AND UNDERLINED…
amend the slower page his display collects it she describes a nuisance call a random voter nothing more of humor release the legal batch behind the broken arch forgot the dinner place assume a sanction change ballot formal circles to rest and not appear never shout forgive them the trial can destroy soon the men were asking apply the bill within elect against your time jumping for the lesson union was beneath her test a law for methods alive and eager smile the giants are secure convince the council here we debate the cover resign tonight at last remove the boat across a term arranged inside attack a drifting heart simple for the congress impeach the new results sticks are best for pencils the tariff on the edge judge upon the discount watch him join the caucus until the nation fell rings amused a teacher compose respect and leave choose a course of justice growing voice for taxes will travel after court include a short refrain
